compositions in equilibrium with an olivine + orthopyroxene ± spinel residual assemblage (harzburgite). This model quantitatively predicts the following influences of H 2 O on mantle lherzolite melting: (1) As melting pressure increases, melt compositions become more olivine-normative, (2) as melting extent increases, melt compositions become depleted in the normative plagioclase component, and (3) as melt H 2 O content increases, melts become more quartz-normative. Natural high-Mg# [molar Mg/ (Mg + Fe 2+ )], high-MgO basaltic andesite and andesite lavas-or primitive andesites (PAs)-contain high SiO 2 contents at mantle-equilibrated Mg#s. Their compositional characteristics cannot be readily explained by melting of mantle lherzolite under anhydrous conditions. This study shows that experimental melts of a FM peridotite plus the addition of alkalis reproduce the compositions of natural PAs in SiO 2 , Al 2 O 3 , TiO 2 , Cr 2 O 3 , MgO, and Na 2 O at 1.0-1.2 GPa and H 2 O contents of 0-7 wt%. Our results also suggest that PAs form under a maximum range of extents of melting from F = 0.2-0.3. The CaO contents of the melts produced are 1-5 wt% higher than the natural samples. This is not a result of a depleted source composition or of extremely high extents of melt but is potentially caused by a very low CaO content contribution from deeper in the mantle wedge.
Introduction
Primitive basaltic andesites and andesites with mantleequilibrated Mg#s of ≥0.7 are found at arcs worldwide (Kelemen et al. 2014) . As primitive mantle melts are Abstract This experimental study is the first comprehensive investigation of the melting behavior of an olivine + orthopyroxene ± spinel-bearing fertile mantle (FM) composition as a function of variable pressure and water content. The fertile composition was enriched with a metasomatic slab component of ≤0.5 % alkalis and investigated from 1135 to 1470 °C at 1.0-2.0 GPa. A depleted lherzolite with 0.4 % alkali addition was also studied from 1225 to 1240 °C at 1.2 GPa. Melts of both compositions were water-undersaturated: fertile lherzolite melts contained 0-6.4 wt% H 2 O, and depleted lherzolite melts contained ~2.5 wt% H 2 O. H 2 O contents of experimental glasses are measured using electron microprobe, secondary ion mass spectrometry, and synchrotron-source reflection Fourier transform infrared spectroscopy, a novel technique for analyzing H 2 O in petrologic experiments. Using this new dataset in conjunction with results from previous hydrous experimental studies, a thermobarometer and a hygrometer-thermometer are presented to determine the conditions under which primitive lavas were last in equilibration with the mantle. These predictive models are functions of H 2 O content and pressure, respectively. A predictive melting model is also presented that calculates melt Communicated by Othmar Müntener.
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13 Page 2 of 23 anticipated to be basaltic in composition (Gaetani and Grove 1998) , the anomalously high SiO 2 contents (51-59 wt%) of primitive basaltic andesites and andesites have sparked intense debate as researchers have tried to understand how these samples fit into the paradigm of mantle melting at subduction zones. Three models attempt to reconcile the high SiO 2 contents of these primitive melts: (1) wet, direct mantle melting (Kushiro et al. 1968; Kushiro 1969 Kushiro , 1972 Kushiro , 1974 Grove et al. 2002 Grove et al. , 2003 ; (2) assimilation and mixing of primitive basaltic and dacitic melts (Streck et al. 2007; Straub et al. 2008 Straub et al. , 2011 ; and (3) partial melting of subducted material in the eclogite facies followed by assimilation in the mantle wedge (Kay 1978; Tatsumi 2001; Kelemen et al. 2003; Bryant et al. 2010) . This study primarily focuses on model 1, followed by a brief assessment of models 2 and 3.
Early on, work on simple systems (CMAS, Fo-Di-SiO 2 ) by Kushiro et al. (1968) and Kushiro (1969 Kushiro ( , 1970 Kushiro ( , 1972 Kushiro ( , 1974 suggested that water is the key to the generation of high SiO 2 in primitive high-Mg# andesites. Similar studies were subsequently conducted by Nicholls and Ringwood (1972) and Green (1973) , and conflicting interpretation of results led to heated debate about the viability of deriving andesites by direct melting of mantle peridotite (Mysen et al. 1974 ). Kushiro's results, in conjunction with studies investigating the multiple saturation points of natural primitive basaltic andesites and andesites (Tatsumi 1981 (Tatsumi , 1982 Grove et al. 2003) , suggest that the direct, wet mantle melting model is a viable mechanism for producing basaltic andesites and andesites. Three hydrous experiments by Hirose (1997) successfully produced melt compositions with 54-60 wt% SiO 2 , though several other hydrous melting studies on more complex systems have not produced the high SiO 2 contents of natural primitive lavas (Hirose and Kawamoto 1995; Gaetani and Grove 1998; Falloon and Danyushevsky 2000; Parman and Grove 2004) . Instead, these studies have produced basaltic lavas (48-52 wt% SiO 2 ). In this study, we quantify the role of H 2 O on the compositions of fertile mantle (FM) melts to understand the role of direct, wet mantle melting on the petrogenesis of high-Mg# (≥0.70), high-MgO (≥7 wt%) basaltic andesites and andesites.
Experimental methods

Starting materials
Fertile composition
The fertile mantle (FM) compositions (Table 1 ; mixes A, B, C, D, and E) are mixtures in various proportions of a dry and a wet starting material. The dry composition is an anhydrous powder of (Hart and Zindler's 1986 ) fertile upper mantle (H&Z) plus metasomatic slab components of Na 2 O and K 2 O. The wet composition is the H&Z + H 2 O Table 1 Composition of starting materials (wt%) a Mixes B-E are displayed as percent of the H&Z + H 2 O mix (ω). The remainder of the composition is mix A. For example, mix B = 11 % mix ω + 89 % mix A b Till et al. (2012b) c Slab melt added as an additional alkali component mix of Till et al. (2012b) , which contains 14.5 wt% H 2 O added as brucite (Mg(OH) 2 ). The FM mixes are made from high-purity synthetic oxides; they contain a range of water contents from 0 to 6 wt% H 2 O and between 0.3 and 0.5 % additional alkalis. Alkalis were added to all starting materials because it has been suggested that in the natural system they are added to the mantle wedge from the subducting slab (Stolper and Newman 1994; Pearce and Peate 1995; Grove et al. 2002) . Alkalis also significantly (and predictably) affect the compositions of olivine (ol) + orthopyroxene (opx) multiply saturated melts (Kushiro 1975; Grove and Juster 1989) . Dry compositions were conditioned in a 1-atm vertical gas-mixing furnace with fO 2 at the QFM buffer for 72 h at 1050 °C. The wet compositions were not conditioned because doing so would release the H 2 O locked up in brucite, which breaks down to periclase + H 2 O below 500 °C (Weber and Roy 1965) .
Depleted composition
An anhydrous depleted upper mantle (DM) mix was also synthesized (Table 1) . Using the suite of compositionally variable spinel (sp) lherzolites compiled by Herzberg (2004) , the MgO content of the DM composition was determined for a depleted CaO content of 2 wt%. The MgO content was then used to find the appropriate values for all other major oxides. The depleted compositions were conditioned in the same method as the dry composition described above-at QFM, 1050 °C for 72 h in a 1-atm vertical gasmixing furnace. For depleted mantle experiments, water was added as a liquid via syringe.
Experimental methods
Experiments were performed in a 0.5″ end-loaded solidmedium piston cylinder (Boyd and England 1960) in the Massachusetts Institute of Technology (MIT) Experimental Petrology Laboratory. Two capsule designs were used: (1) graphite in platinum and (2) Fe-saturated AuPd. Extended description of experimental methods, experimental conditions, capsule saturation, temperature and pressure calibration, and oxygen fugacity are included in the Experimental Methods Online Supplementary Material and in Tables 2 and 3 .
Analytical techniques
Data were collected using the electron probe microanalyzer (EPMA) at MIT, secondary ion mass spectrometry (SIMS) at Woods Hole Oceanographic Institute, and synchrotron-source reflection FTIR (ssr-FTIR) at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratories. Detailed discussion of analytical techniques is presented in the Analytical Techniques Online Supplementary Material.
Measuring H 2 O contents of glass
Because H 2 O is difficult to measure in experimental glasses, this study uses three analytical techniques to quantitatively measure the H 2 O contents of experimental glasses: EPMA, SIMS, and ssr-FTIR. Using EPMA, H 2 O is measured by quantitative analysis of oxygen. Two experiments were measured using SIMS, and both had H 2 O contents within error of the EPMA measurements. Comparison of the H 2 O measurements from all three methods is presented in Table 2 and Fig. 1 .
Synchrotron-source reflection FTIR has been employed as a novel application to quantitatively measure H 2 O in experimentally produced silicate melts. Comparison of H 2 O analyses obtained from ssr-FTIR, EPMA, and SIMS indicates that our experiments contain a range of H 2 O from ~0.5 to ~7 wt%. The results from EPMA and ssr-FTIR are reproduced within error of one another 60 % of the time. The results obtained from ssr-FTIR are also higher than the EPMA results in 69 % of experimental glasses analyzed using both methods. Since all glasses contain H 2 O measurements from EPMA, and the EPMA results are supported by 60 % of the ssr-FTIR results and both of the ion microprobe results, the discussion of this paper uses the EPMA data to examine the effect of H 2 O on experimental melts.
Measuring CO 2 contents of glasses
The CO 2 contents of glasses produced in this study have been measured using ion microprobe and ssr-FTIR. The CO 2 content of C470, an experiment conducted in graphite + Pt, was 429 ppm (0.0429 wt%) when measured using the ion microprobe. This measurement is on the same order of magnitude as the CO 2 measurement for a run in graphite + Pt by Gaetani and Grove (1998) , which contained 0.07 wt% CO 2 . No CO 2 measurements were obtained on the AuPd experiments, though given the results of Gaetani and Grove (1998) on glasses in Fe-saturated AuPd capsules, it is likely that there is ~1.2 wt% CO 2 in the AuPd runs. In the ssr-FTIR spectra, however, there were no resolvable peaks at 2350 cm −1 , the CO 2 mol region, or at 1520 cm −1 , the CO 3 2− doublet, as described by King and Larsen (2013) for any of the experiments measured. Given the low CO 2 content from the ion microprobe and lack of evidence of CO 2 from the ssr-FTIR method, this study assumes that the effect of CO 2 on the system is minimal compared to that of H 2 O. 50 (7) 17 (8) 14 ( 
Experimental results
Phase equilibria: fertile composition
Seven experiments over the range of pressures investigated (1.0-2.0 GPa) produced a hydrous silicate melt in equilibrium with a harzburgitic residue of ol + opx (Fig. 2a) . At lower pressures (1.0 and 1.2 GPa), sp was also present in five experiments in addition to ol + opx + melt. Three experiments were saturated in ol + opx + cpx + melt. Two experiments-one with 5.9 wt% H 2 O (1.2 GPa, 1215 °C) and one at high temperature (1.2 GPa, 1250 °C, 3.8 wt% H 2 O)-only contained ol + sp + melt. Phase proportions and uncertainties from mass balance calculations using the LIME program (Krawczynski and Olive 2011) are reported in Table 2 ( Fig. 2b) .
As expected, experiments with ol + sp + melt contained the highest melt fractions at 39 % (C553) and 44 % (C559) due to the higher H 2 O content and the higher temperature of the run, respectively (Fig. 2b) . For runs saturated with ol + opx, the melt fraction was close to 30 % for all runs except for one at 1.0 GPa, which contained 23 % melt. The melt fraction of runs with ol + opx + sp + melt was more variable with melt extents ranging from 27 to 38 %, and the three experiments saturated with ol + opx + cpx all contained the lowest amount of melt at 18-20 %. The distribution of melting extent for the 1.2 GPa experiments is examined further in the discussion.
Phase equilibria: depleted composition
The two experiments on the depleted mantle composition define phase stability at 1. 
Na 2 O
Our experiments incorporated up to two times the Na 2 O of the H&Z FM (Table 1) in an attempt to model the input of alkalis from the subducting slab; however, mass balance calculations for Na 2 O show significant differences between the starting values and measured EPMA analyses. A recent investigation by Morgan and London (2005) suggests that the conditions under which our hydrous glasses were analyzed could have caused up to approximately 50 % Na loss. This suggests that the difference between our bulk Na 2 O and the Na 2 O of our experimental products is caused by low measurements of glass Na 2 O during EPMA analysis. Because there is no significant Na 2 O loss from the sealed Pt capsules, the value of Na 2 O in the glass is corrected using phase proportions from the LIME program (Krawczynski and Olive 2011) in conjunction with measured Na 2 O values for the solid phases. These corrected values are included in Table 4 and are used in the discussion as the amount of Na 2 O in glass.
Discussion
Quantitative model of the olivine-orthopyroxene saturation boundary
Experiments used to calibrate model
The empirical, quantitative model presented is calibrated using experimental data from this study as well as from other experimental studies that were found using the Library of Experimental Phase Relations (Hirschmann et al. 2008 ; Table 5 ). All experiments contain melt in equilibrium with ol + opx ± sp. Experiments included were conducted between 1 and 2.5 GPa, the pressure range of interest for water-undersaturated mantle wedge melting. Experiments used for calibration were restricted to those studies that contained at least one H 2 O-bearing experiment. This requirement was imposed because the goal of the modeling was to investigate the influence of H 2 O, and the intent was to develop a model dataset that was not dominated by anhydrous glass compositions. The calibration dataset did not include four experiments that fit the requirements described above (B408, Gaetani and Grove 1998; D86, D88, and B859, Hesse and Grove 2003) . These four runs were excluded because high K 2 O and low SiO 2 contents of the glasses caused these experiments to plot in silica undersaturated space in the Tormey et al. (1987) pseudo-ternary projection schemes.
Thermodynamic foundation for the model
The melting model developed here uses the approach of Kinzler and Grove (1992; hereafter KG92) , Kinzler (1997) , and Till et al. (2012a) . It represents an adaptation of the Gibbs method (Spear et al. 1982) , in which three sets of constraints describe the melting equilibrium: (1) mass 1.0 GPa is purple, 1.2 GPa is teal, 1.6 GPa is yellow, and 2.0 GPa is red. Squares are experiments conducted on fertile mantle compositions, and stars are experiments conducted on a depleted mantle composition. b Phase stability for fertile mantle melts. Pressure (GPa) versus melt fraction. The presence of a phase is indicated by symbol shape and color: experiments containing glass + ol are black squares, experiments with glass + ol + opx are dark gray diamonds, and experiments with glass + ol + opx + cpx are light gray circles. The presence of sp is not indicated balance (constraining the system's bulk composition), (2) stoichiometry (constraints from the compositions of the reacting phases), and (3) thermodynamic equilibrium.
In KG92, the constraint of thermodynamic equilibrium (constraint 3) is represented by a melting reaction between solid and liquid phases, where the composition of the melt in equilibrium with either spinel or plagioclase lherzolite is predicted in terms of mineral components and is based on the composition of the solid phases. By specifying a sufficient number of compositional and intensive variables, KG92 calculates the melts of a natural mantle peridotite system over a range of pressure, temperature, and composition space. The models in this study follow the methods of KG92 and represent the constraint of thermodynamic equilibrium using compositional and intensive variables to predict the composition of mantle melts in equilibrium with spinel harzburgite or lherzolite over a range of pressure, temperature, composition space, and H 2 O content. (4) 20 (1) 18 (1) 0.30 (6) 100.4 (3) 16.1 (7) 0.13 (9) 6.0 (2) 0.13 (6) 12 (1) 10.3 (6) 3.1 (2) (6) 15 (1) 10.4 (7) 2.1 (2) 2.4 0.13 (5) 0.03 (7) 0.03 ( 12.3 (7) 0.34 (9) 7.3 (3) 0.14 (9) 14 (2) 10 ( The thermodynamic variance of the melting equilibrium can be inferred using the Gibbs phase rule, which states that the variance (degrees of freedom, F) of the system equals the number of components C plus the number of intensive variables (in this case, temperature and pressure) minus the number of phases Φ (Eq. 1).
In the simple mantle analog system, CMAS, there are only four components (CaO, MgO, Al 2 O 3 , and SiO 2 ) in addition to the two intensive parameters temperature and pressure. At the multiple saturation point, lherzolite melting experiments contain five phases: melt, ol, opx, cpx, and an Al phase (plagioclase or spinel). Using Eq. 1, the variance of the CMAS system at the multiple saturation point is univariant (F = 1). When F = 1, fixing one variable determines the other variables in the system (i.e., fixing pressure determines the temperature and composition of the melt at equilibrium).
Unlike CMAS, natural systems involve additional chemical components (TiO 2 , Cr 2 O 3 , FeO, K 2 O, Na 2 O, and H 2 O); the model presented in this study includes ten of these compositional components recast as phase components and exchange components following KG92. For spinel harzburgite melting, the focus of this study, four phases are present and Φ = 4. Thus, the Gibbs phase rule (Eq. 1) dictates that F = 10 + 2 − 4 = 8. If spinel is absent, Φ = 3, and F = 9. This means that there are 8 and 9 degrees of freedom for the system, respectively. Of the 8 or 9 degrees of freedom, 2 degrees of freedom are attributed to the temperature and pressure, and the remaining 6-7 degrees of freedom are attributed to the compositional components.
Contrary to the CMAS example above, in our models, eight or nine variables must be fixed and are chosen as predictors (pressure and compositional components) in order to determine outcomes (temperature and compositional (1) F = C + 2−Φ components) using multiple linear regressions. Our model determines the best possible combination of the predictors using Akaike information criteria (AIC) (discussed below; Akaike 1974) . Since some of the compositional predictors do not increase the precision of the prediction, these predictors are not included in the final equations presented, making it possible for the equations to contain fewer than eight or nine predictor variables. In the model presented here, the initial predictors for the compositional end member and temperature predictions are pressure, 1 − Mg#
)) (molar units), NaK# ( Na 2 O+K 2 O Na 2 O+K 2 O+CaO ) (wt% units), H 2 O, TiO 2 , and Cr 2 O 3 (wt%) where a few of the predictors are combined into single parameters, following KG92 (i.e., Na 2 O, K 2 O, and CaO are three variables represented by the single variable NaK#). Of the twelve components, these initial predictors were chosen because (1) previous work has shown that pressure, 1 − Mg#, and NaK# exercise systematic influence on the compositions of multiply saturated liquids in mantle lherzolite melting models, (2) 1 − Mg# and NaK# characterize or represent solid solutions in the heterogeneous reactions calculated, and (3) for applications of the model, these are values that can be obtained using partition coefficients, stoichiometry, and mass balance. The outcomes calculated are predicted melt compositions expressed in mineral components CaMgSi 2 O 6 + CaFeSi 2 O 6 (Cpx), Mg 2 SiO 4 + Fe 2 SiO 4 (Ol), CaAl 2 Si 2 O 8 + NaAlSi 3 O 8 (Plag), and SiO 2 (Qz) as described by Tormey et al. (1987) 
Modeling methods
The model presented in Table 6 uses AIC (Akaike 1974) to determine the best combination of predictor variables through consideration of both goodness of fit and the complexity of the model. For the compositional regressions presented, it was determined that an identical set of predictor variables produced almost indistinguishable results compared to a model with unique predictor variables for each regression. Model recovery of experimental data is shown in Fig. 4 . Detailed modeling methods are included in the Modeling Methods Online Supplementary Material.
Model comparison
The thermobarometer presented in this paper is compared to the thermobarometer presented in Lee et al. (2009) as well as the barometers presented in Wood and Turner (2009) (Fig. 5) . While it would be ideal to test the models using experiments not included in the calibration, this is not possible given the limited amount of hydrous experimental data.
Model calculations for this study and Lee et al. (2009) Wood and Turner (2009) barometers are performed using the experimental data presented in this study.
In both temperature and pressure, our model predicts the experimental temperature and pressure more accurately than both Lee et al. (2009) and Wood and Turner (2009) (Fig. 5) . In temperature, the Lee et al. (2009) thermometer has a mean average error (MAE) of 84 °C and predicts lower temperatures than the experimental temperatures, especially at higher experimental temperatures. Our model reproduces experimental temperatures equally well at low and high experimental temperatures and has a MAE of 23 °C using the barometer presented in this study. In pressure, the Lee et al. (2009) model has a MAE of 0.59 GPa and predicts lower pressures than the experimental values. The Wood and Turner (2009) barometer has a MAE of 0.56 GPa and overpredicts the experimental pressures, such that their model predicts pressures of up to 3.1 GPa for experiments conducted at 2 GPa. The barometer presented in this study, however, is able to predict the experimental pressures with increased and more consistent accuracy throughout the calibrated range of 1-2.5 GPa with a MAE of 0.14 GPa.
Systematics of the experimental results
The experiments presented in this paper comprise the first comprehensive investigation of the melting behavior of ol + opx ± sp bearing FM composition as a function of variable pressure and water content.
Role of pressure on fertile melt composition
To understand the role of pressure on melt composition, four experiments at variable pressure with similar melt extents and H 2 O contents are examined (Fig. 6) . Results from these water-undersaturated experiments are consistent with experimental studies conducted on both anhydrous (Kushiro 1996; Walter 1998 ) and water-saturated mantle peridotite (Grove et al. 2006; Till et al. 2012b) . Under anhydrous and H 2 O-bearing conditions, melt compositions become more olivine-normative as pressure increases. This is quantified in the model presented, which shows that per 1 GPa increase, the Ol component increases by 0.111 as the Plag and Qz components decrease by 0.0612 and 0.0807. This parameterization of pressure is broadly consistent with previous modeling formulations, such as the spinel lherzolite model of Till et al. (2012a) . In both models, coefficients for Cpx and Ol are positive, and coefficients for Plag and Qz are negative, though the magnitude of the coefficients is slightly different between the model formulations [Ol: 0.111 (this study) vs. Ol: 0.085 (Till et al. 2012a) ]. Figure 7 compares the variable H 2 O, 1.2 GPa experiments of this study with the anhydrous mantle melting experiments of Baker and Stolper (1994) and Baker et al. (1995) . Baker and Stolper (1994) and Baker et al. (1995) found that melt compositions move away from the plagioclase component as degree of melting increases. This trend is also apparent in the experiments of Hirose and Kawamoto (1995) as well as in our 1.2 GPa experiments on the FM composition. In the higher H 2 O experiments of this study (Fig. 7 : circles that form a vertical trend closer to the quartz component), the experiments move directly away from plagioclase with increases in melt extent from 29 → 32 → 38 → 39 → 44 % melt. The composition of glasses in experiments with lower H 2 O also move away from plagioclase with increasing melt extent, showing that regardless of the horizontal scatter of the data from this study (caused by changes in H 2 O 
Role of extent of melting on fertile melt composition
Role of H 2 O on fertile melt composition
Since the early work of Kushiro et al. (1968) and Kushiro (1969 Kushiro ( , 1970 Kushiro ( , 1972 Kushiro ( , 1974 , it has been known that as H 2 O content increases, melt compositions become increasingly quartz normative. This effect is seen in the experiments presented here (Fig. 8) Baker and Stolper (1994; Fig. 8 ) and the wet 1 GPa experiments of Hirose and Kawamoto (1995) and Hirose (1997) . The similarity of the Hirose and Kawamoto (1995) glass compositions to the Baker and Stolper (1994) glasses indicates that the majority of the Hirose and Kawamoto (1995) data are dry. It is possible that they are dry because Hirose and Kawamoto (1995) only measured H 2 O for three experiments, and the measured H 2 O values of these three experiments differed by up to 50 % from their calculated values. The two H 2 O-bearing runs of Hirose and Kawamoto (1995) and the higher H 2 O content experiments of Hirose (1997) add further support to the observation that H 2 O drives melt compositions to be more quartz-normative.
Primitive mantle melts and primitive high-Mg#, high-MgO basaltic andesites and andesites
This study aims to understand whether the process of isobaric melting can produce high-Mg#, high-MgO basaltic andesites and andesites (primitive andesites-PAs). PAs are a subset of primitive, high-Mg# andesites (HMA) as defined by Kelemen (1995) . In this study, we selected primitive basaltic andesite and andesite lavas that have both high Mg# and high MgO. Natural samples are from four locations-Kamchatka, Cascades, Setouchi, and Mexico. The following chemical characteristics were used to select the lavas shown in Fig. 9 : Mg# ≥ 0.70, SiO 2 ≥ 51 wt%, MgO ≥ 7 wt%, TiO 2 ≥ 0.4 wt%, K 2 O ≤ 3 wt%. TiO 2 bounds were chosen to exclude boninite compositions, and K 2 O bounds were chosen to remove shoshonitic rocks from the Argentine Puna plateau (Kay et al. 1994 ) from consideration. The restriction to highMgO values is imposed because we do not apply a correction for fractionation for the lavas. However, we do consider a suite of glassy and microcrystalline quenched magmatic inclusions corrected to primitive compositions from Mt. Shasta, CA (Krawczynski 2011) . For the Kamchatka, Cascades, and Setouchi samples, the major elements SiO 2 , FeO, CaO, K 2 O, and Na 2 O define distinct trends (Fig. 9) . The corrected quenched inclusions from Mt. Shasta bridge the compositional gaps between the lava trends from the three arcs (Figs. 9, 10) , indicating that the range of compositions from the three locations can be formed at a single volcanic system.
The following mechanisms have been proposed to explain the petrogenesis of HMA: (1) direct, hydrous partial melting of the mantle (Kushiro 1969 (Kushiro , 1972 (Kushiro , 1974 Grove et al. 2002 Grove et al. . 2003 , (2) mixing of primitive basaltic and dacitic magmas (Straub et al. 2008 (Straub et al. , 2011 , and (3) partial melting of subducted oceanic crust followed by assimilation of peridotite within the mantle wedge (Kay 1978; Kelemen et al. 2003; Bryant et al. 2010 ). In the following section, the viability of each of these mechanisms will be explored in the context of PAs from the . Experiments used to calibrate the model were used in the model calculations for this study and the Lee et al. (2009) , and only experiments presented in this paper with ol + opx ± sp were calculated using the models of Wood and Turner (2009) . In both pressure and temperature, our model is better at predicting the conditions of the experiments, as seen by the mean average error calculated for each model Page 15 of 23 13
Cascades, Kamchatka, Setouchi, and Mexico (Grove et al. 2002; Barr 2010; Bryant et al. 2010; Tatsumi and Ishizaka 1982; Weaver et al. 2011; Weber et al. 2011 ).
Mechanism 1: direct mantle melting
Tatsumi's (1981) inverse experimental study on the TeragaIke (TGI) PA from Setouchi showed that, when water-saturated, TGI is in equilibrium with olivine and orthopyroxene at 1.55 GPa, 1080 °C, or, when water-undersaturated, TGI is in equilibrium with a harzburgite residue at lower pressures and higher temperatures. Later, showed that the high-MgO basaltic andesites and andesites from the Cascades (Mt. Shasta) are in equilibrium with olivine and orthopyroxene at 1.0 GPa, with 3-6 % H 2 O. Two more recent studies on lavas from the Trans-Mexico Volcanic Belt have also determined conditions at which PA lavas were in equilibrium with ol and opx: d-25 at >7 wt% H 2 O and 1.1-1.5 GPa (Weber et al. 2011 ) and JR-28 at 5-6 wt% H 2 O and 1.2-1.4 GPa (Weaver et al. 2011) . We can now compare these inverse studies with our new forward model.
When model results are compared to the compositions of the lavas from Kamchatka, the Cascades, Setouchi, and Mexico (Fig. 10) , pressure and H 2 O contents can be determined. For the majority of the natural samples, neither pressure of last equilibration nor pre-eruptive water content is known, so model estimates must fix one of the two variables in order to determine the other (i.e., fixing pressure at 1.5 GPa would give a H 2 O content of 7 wt%). For Cascades lava 85-44, however, the pressure at which the melt was in equilibrium with ol + opx was determined in the experimental study of to be 1.0 GPa. Using a pressure of 1.0 GPa, the model returned a H 2 O content of 4.3 wt% for 85-44, which is in the middle of the 3-6 wt% H 2 O range provided by . Experimental studies have also been conducted on two lavas from the Trans-Mexico Volcanic Belt: d-25 (Weber et al. 2011) and JR-28 (Weaver et al. 2011 ). Weber et al. (2011 found that d-25 equilibrated with >7 wt% H 2 O at 1.1-1.5 GPa. Our model predicts that at 1.0 and 1.5 GPa, lava d-25 equilibrated with 5.2 and 7.8 wt% H 2 O, respectively. In the second lava from the Trans-Mexico Volcanic Belt, Weaver et al. (2011) found that JR-28 equilibrated with 
GPa
Increasing Pressure a harzburgitic residue at 5-7 wt% H 2 O and 1.2-1.4 GPa. JR-28 is predicted by our model to equilibrate with 4.8 and 7.4 wt% H 2 O at 1.0 and 1.5 GPa. For all three natural lavas with experimental H 2 O determinations, the model presented here successfully predicts H 2 O contents.
Crustal thickness estimates for each locality provide a limit for the shallowest pressure of equilibration in the mantle. Crustal thickness models suggest a depth of 37 km at the sample locality of Shisheika Volcano in Kamchatka (Iwasaki et al. 2013; Baboshina et al. 1984) and a depth of 34-38 km at Mount Shasta in the Cascades (Zucca et al. 1986; Ritter and Evans 1997; Mooney and Weaver 1989) . In Mexico, crustal thickness below the Pelagatos cinder cone of the Chichinautzin Volcanic Field (d-25) is ~40 km (Pérez-Campos et al. 2008) , and crustal thickness is >35 km below the Michioacán-Guanajuato Volcanic Field (JR-28; Guilbaud et al. 2011; Gómez-Tuena et al. 2007) . Using an average crustal density of 2750 kg/m 3 , the pressures associated with these depths are 1.0 GPa (Kamchatka), 0.9-1.0 GPa (Cascades), and 0.9, 1.1 GPa (Mexico). Consistent with these crustal thicknesses, the model predicts a lower limit of 1.0 GPa for the majority of the Kamchatka and Cascades lavas and both Mexican lavas regardless of the amount of H 2 O. If pressure is fixed in the model at 1.0 GPa, then the Kamchatka, Cascades, and Mexican samples span a range of H 2 O contents from 3.2 to 5.6 wt% (Table 7) . These H 2 O predictions, in addition to H 2 O predictions for Setouchi, support the observation that increasing H 2 O makes melts more quartz-normative, raising SiO 2 contents (Fig. 11) .
The Setouchi lavas were erupted 13.7 ± 1.0 (1σ) Ma (Tatsumi 2006) . To provide a limit on the pressure of last equilibration, we have used a modern crustal thickness in southwest Japan of approximately 30 km (Yoshii et al. 1974; Ito et al. 2009 ). This depth corresponds to 0.8 GPa using an average crustal density of 2750 km/m 3 . At this minimum pressure, the model results predict that the Setouchi samples contain 1.9-6.1 wt% H 2 O. For all natural samples considered, particularly the Setouchi lavas, the predicted movement of the ol-opx saturation boundary with increasing H 2 O content is parallel to sample trends in both Ol-Cpx-Qz and Ol-Plag-Qz pseudoternary space (the H 2 O vectors in Fig. 10 ), indicating the significant control that variation in water content has on the compositional variation of the lavas from each arc. 1.2 GPa expts., This Study 1.0 GPa expts, Baker & Stolper (1994) Fig . 7 Effect of extent of melting in a pseudoternary projection through Cpx onto Ol-Plag-Qz (Tormey et al. 1987 Fig. 8 Effect of water shown in a pseudoternary projection through Cpx onto Ol-Plag-Qz (Tormey et al. 1987) . Labels indicate the percentage of H 2 O in the glass of experiments at 1.2 GPa. Circles are experiments from this study with variable amounts of H 2 O; color indicates pressure (purple = 1.0 GPa; teal = 1.2 GPa; yellow = 1.6 GPa; red = 2.0 GPa). The shaded teal region is the anhydrous origin defined by experiments from this study (labeled anhydrous). The purple region to the right is defined by Baker and Stolper (1994) 's anhydrous 1.0 GPa experiments. Purple plus signs are 1.0 GPa H 2 O-undersaturated experiments by Hirose and Kawamoto (1995) , and purple diamonds are 1.0 GPa H 2 O-saturated runs by Hirose (1997) The experimental results of this and other studies suggest a maximum range of 20-30 % for the degrees of melting under which natural PAs formed. The inverse experimental results from Tatsumi (1981) , , Weaver et al. (2011), and Weber et al. (2011) indicate that the natural PAs are in equilibrium with olivine and orthopyroxene. In order to be in equilibrium with a harzburgitic residue, the system must melt past the point of cpx-out, which is achieved at higher degrees of melting or after prior episodes of melt extraction. When natural samples are projected through Cpx onto the OlPlag-Qz pseudoternary, they plot away from Plag, at approximately F = 0.2-0.3, as defined by 1.0 GPa experiments from this study as well as Baker et al. (1995) and Baker and Stolper (1994) . Therefore, the natural lavas are either melts of the FM having undergone extents of melting of 0.2-0.3 or melts of the previously depleted mantle at lower extents of melting. Experiment C548, one of the two depleted runs in this study, contains 19 % melt and plots at the same location in the Ol-Plag-Qz pseudoternary as our fertile experiments containing 29 % melt. It is thus possible that if the mantle were depleted to the extent of our model depleted composition, then the natural PAs could have been formed at F = 0.1-0.2. Since the amount of prior depletion is unknown, the maximum amount of melting for the PAs is given by the fertile composition at F = 0.2-0.3.
At pressures of at least 1.0 GPa, melt fractions of at most 0.2-0.3, and variable amounts of H 2 O, the compositions of the experiments reproduce the range of natural lavas in SiO 2 , TiO 2 , Al 2 O 3 , MgO, and Na 2 O. At 4-6 wt% H 2 O and in equilibrium with a harzburgitic residue, the experimentally produced direct mantle melts have both high SiO 2 and high Mg#. As the combination of high SiO 2 and high MgO in the natural PAs is anomalous, producing experimental glasses with this unique chemistry in equilibrium with a harzburgitic residue (as suggested by inverse experiments on HMA) suggests that direct mantle melting is a viable mechanism for producing many of the major element characteristics of PAs. (Tatsumi and Ishizaka 1982) ; Orange Kamchatka (Bryant et al. 2010) ; Cyan Cascades (Grove et al. 2002; Barr 2010) ; Black Trans-Mexico Volcanic Belt (Weaver et al. 2011; Weber et al. 2011; Meriggi et al. 2008) . The shaded region is the inclusions from Mt. Shasta (Krawczynski and Grove, in prep) . In CaO versus MgO, the arrow indicates change in glass composition with higher extents of melting, dotted lines indicate melting paths for the depleted composition, and the blue square is the glass composition of D206, a 3.2 GPa H 2 O-saturated experiment from Till et al. (2012b) The major elements FeO, CaO, K 2 O in our experimental glasses do not always correspond directly to the range defined by the natural lavas (Fig. 9) . In our experimental bulk compositions, the amounts of K 2 O and Na 2 O are greater than those estimated for fertile and depleted mantle compositions to account for the introduction of alkalis from the subducting slab. Since the amount of K 2 O added was an estimated slab contribution, the discrepancy between the experimental glass compositions and the natural PAs indicates that more K 2 O is being added to the mantle wedge in the natural system than assumed in creating the starting materials for this study. Thus, the amount of K 2 O in our starting material provides a lower bound on the amount being added to the slab (Fig. 9) .
At a given MgO content, the experimentally produced FM glass compositions have higher CaO contents than the natural samples by 1-5 wt%. Based on the initial experimental results from this study, three hypotheses were investigated to account for this disparity. First, the conditions of the experimental runs were changed to increase the extent of melt at higher H 2 O contents for melts in equilibrium with a harzburgitic residue. Results from this hypothesis [C553: F = 0.39 (3), H 2 O = 5.9 (4) wt%; C554: F = 0.38 (2), H 2 O = 4.7 (2) wt%] determined that the CaO contents under such conditions would be lower than our initial glass compositions (8.3, 8.6 wt% compared to previous values of 10-11 wt% CaO). As expected, the Al 2 O 3 contents of these experiments were also lower (10.9, 11.7 wt%), dropping out of the range of the natural PAs (13.6-16.9 wt%). With such high extents of melting, the MgO contents of the glasses were also significantly higher than the natural PAs (~14.5 wt% compared to 7.5-12 wt%). Thus, high extents of melting with high H 2 O contents successfully lowered the CaO content but also caused the concentrations of MgO and Al 2 O 3 to diverge from the natural samples, suggesting that these conditions do not contribute to the production of PAs.
The second hypothesis was to change the starting material to a more depleted composition, which by definition contains less CaO, and to determine whether a change in the composition of the source could account for the differences seen in CaO. Two experiments were conducted on the depleted composition: Experiment C548 contained gl + ol + opx + sp, and experiment C544 contained gl + ol + opx + cpx + sp (black stars, Fig. 9 ). The experiment with the harzburgitic residue (C548) contained less CaO than the fertile experiments at a similar MgO content but only by 0.5-1 wt% CaO. This is not a significant enough difference to produce the very low CaO contents of the natural lavas, which extend 1-5 wt% CaO below the fertile experiments. Experiment C544 was a very low degree melt (6 %) in equilibrium with cpx. Because cpx was present in the residue, the amount of CaO in the glass is very low and does reproduce the lowest range of the natural PAs. However, the natural lavas are not in equilibrium with cpx, so this low degree melt does not explain the low CaO contents in the natural samples. 
Fig. 10
Model results plotted on pseudoternary diagrams as defined by Tormey et al. (1987) for melts in equilibrium with olivine and orthopyroxene using fixed values for Cr 2 O 3 (0.28) and NaK# (0.19).
Results are shown at 0.8, 1.0, 1.5, and 2.0 GPa with H 2 O varying from 0 to 9 wt% (left → right), and Mg# varying from 0.71 to 0.86 (top → bottom; bounds chosen by the limits of the model calibration). 0.8 GPa is dashed because the model is only calibrated between 1.0 and 2.5 GPa. Natural PA lava data (Table 7) are superimposed on the model results. Symbols are same as in Fig. 9 . Arrows (H 2 O vectors shown in the 0.8 GPa result) show the effect of H 2 O on melt composition at a given pressure and melt extent. a Pseudoternary projection through Plag onto Ol-Cpx-Qz (Tormey et al. 1987) . b Pseudoternary projection through Cpx onto Ol-Plag-Qz (Tormey et al. 1987) Based on the results from the FM experiments in this study and the depleted experiments of Wasylenki et al. (2003) , the CaO content of melt in equilibrium with a harzburgitic residue will either remain constant or increase with decreasing MgO content. If this holds true for the DM experiments, then after cpx-in, the CaO content of the melt must decline rapidly with smaller decreases in MgO until the composition produced in C544 is reached. Once this predicted change in slope occurs, the melts will no longer be in equilibrium with a harzburgitic residue, which is a requirement of the natural PAs. Therefore, predicted melting paths between the two DM experiments in CaO versus MgO space are limited to paths with two segments-a shallower component followed by a steeper one as MgO content decreases. Even if cpx-out were just below the MgO content of C548 (at a slightly lower value than 11.6 wt% MgO), the CaO contents of the melting path would be limited by a line connecting the two melt compositions. It would not be possible for the melting path to be concave up between the two DM runs based on the results of Wasylenki et al. (2003) , and this study shows that CaO remains constant or increases as MgO decreases for melts in equilibrium with a harzburgite residue. In other words, the first segment of the melting path must have a negative slope or zero slope (Fig. 9) . Example of estimated paths above this line is plotted in Fig. 9 . The majority of the range of PAs is not included in this region of CaO versus MgO space, making melting a more depleted mantle composition an unlikely solution for producing the low CaO of the natural PAs. The third hypothesis to account for the low, locationdependent CaO contents in the natural PAs is reaction between melts generated deeper in the mantle wedge and melts at 1.0-1.2 GPa. Experimental glasses generated at 3.2 GPa have very low Ca contents, as seen by the glass composition measured in the H 2 O-saturated experiment D206 of Till et al. (2012b) , which has 1.92 ± 1.29 wt% CaO. This experiment was conducted on a FM lherzolite composition at the conditions of the onset of melting at subduction zones. It is unrealistic to model the direct mixing of a deep melt such as D206 with the glasses produced in this study because the changes to such a melt as it rises through the melting column are dynamic and beyond the scope of this discussion. Thus, we suggest but do not quantify that the low CaO contents of the PAs are caused or at least influenced by these deep, low CaO mantle melts. Straub et al. (2008) and Straub et al. (2011) reason that primitive, high-Mg# andesites found in the Central Mexico Volcanic Belt (CMVB) are a consequence of mixing between primitive basaltic and dacitic magmas based on moderately high Ni contents of olivine (700-1000 ppm Ni) in equilibrium with low MgO melt compositions (2-8 wt% MgO). The two Mexican samples considered here, however, contain higher MgO contents at 9.38 wt% (d-25) and 9.43 (JR-28) wt%, suggesting that these samples were partial melts of peridotite and not the result of mixing between primitive basalt and dacite magmas. In the Cascades PAs, olivine phenocrysts with Fo 93.8 contain high Ni contents [2300 ppm (85-41c), 3000 ppm (07-28)] that are in equilibrium with high-MgO melt compositions (9.14 wt% MgO; 10.03 wt%, respectively) Barr 2010) . If these samples are plotted on Ni wt% versus Fo mole % (Fig. 9 , Straub et al. 2008 ), then they fall into the range of partial melts of peridotite, as defined by Straub et al. (2008) . Chemical characteristics similar to that of the Cascades samples define the Setouchi samples: high Ni contents (≥3100 ppm) in high-Fo olivine in equilibrium with high melt MgO (7.59-10.34 wt%) (Tatsumi and Ishizaka 1982) . The CMVB lavas of Straub et al. (2008 Straub et al. ( , 2011 do not plot in the range of partial melts of peridotite as the Cascades and Setouchi samples do, so while mixing of primitive basaltic and dacitic melts is viable for many of the CMVB samples, the petrogenetic histories for the Cascades and Setouchi samples are different.
Mechanism 2: mixing primitive basaltic and dacitic magmas
Though the Kamchatka lavas plot outside of the range of primitive mantle melts in Fig. 9 of Straub et al. (2008) , Bryant et al. (2010) rejected the hypothesis that mixing primitive basaltic and dacitic magmas could explain the petrogenetic history of the Kamchatka PAs. The high whole-rock Ni/MgO ratios (20 ppm/wt%) of the Kamchatka lavas cannot form by mixing of relatively high Ni/MgO (10-20 ppm/ wt%) of primitive basalts and low Ni/MgO (2-7 ppm/wt%) of dacites. Thus, the petrogenetic history of lavas from Kamchatka, Setouchi, and the Cascades does not appear to involve mixing of primitive dacites and basalts, as is suggested for HMAs from the CMVB.
Mechanism 3: melting subducted oceanic crust, then assimilation of overlying mantle Kelemen et al. (2003) use trace element systematics to suggest that enriched, primitive Aleutian andesites formed as a result of partial melting of eclogite, followed by reaction with the overlying mantle wedge. The models presented by Kelemen et al. (2003) are a quantification of the longstanding realization that partial melting of subducting material supplies a component that carries incompatible elements and alkalis into the mantle wedge. The process whereby this component is added to the overlying mantle and the incorporation of these elements during the initiation of flux melting of the metasomatized base of the mantle wedge is beyond the scope of this experimental study. Fig. 9 However, the trace elements in PA lavas are consistent with the Kelemen et al. (2003) hypothesis that melts formed in subducting oceanic crust and/or sediment in eclogite facies contribute to flux melting in the mantle wedge. It is also clear that the element addition and incorporation in the mantle melt must be a complex multi-stage process. Other simple mass balance estimates of the slab-derived components added to form subduction zone melts (Stolper and Newman 1994; Grove et al. 2002) conclude that most (>90 %) of the incompatible trace elements as well as light and middle rare earth elements are contributed from a slab component and that Na 2 O and K 2 O appear to be present as major elements and constitute nearly 30 wt% of the "fluidadded" component. Thus, while we acknowledge the addition of a slab melt to form arc magmas, the specific process through which it occurred has yet to be resolved.
Conclusions
This study quantitatively assesses the influence of pressure, extent of melting, and H 2 O on melt compositions of a FM lherzolite plus a metasomatic slab component at H 2 Oundersaturated conditions. Melts are produced that contain high SiO 2 (55-57 wt%) at high MgO (≥8 wt%). In addition, it is determined that natural high-Mg#, high-MgO basaltic andesites and andesites (PAs) from Kamchatka, the Cascades, Setouchi, and Mexico are likely produced at variable pressure (1.0-1.5 GPa), extent of melt (F = 0.2-0.3), and H 2 O content (~3-9 wt%).
